Introduction frame of videotape recordings with a time resolution of 0.033 s. The corresponding results, therefore, do not The flow of blood imposes hydrodynamic stresses on contain any information regarding the stability of adhevascular cells, including shear stress (Whitmore, 1968) .
sion. Platelets in flowing whole blood containing a Under these conditions, the establishment of contact thrombin inhibitor as anticoagulant attached to immobibetween circulating elements and the vessel wall relized fibrinogen and fibrin at low but not high wall shear quires sufficient adhesive strength to oppose fluid dyrates, regardless of whether full activation was prenamic forces that would lead to detachment. Platelets vented or not by treatment with prostaglandin E1 (PGE1) provide a relevant paradigm of this biological process ( Figure 1 ). In contrast, the number of platelets interacting since their adhesive functions are necessary to limit with vWF was greater at high shear rates and thrombi blood loss at sites of vascular injury (Weiss, 1975 ; Sixma developed when activation was not inhibited by PGE 1 and Waster, 1977) , including areas of the circulation with ( Figure 1 ). In all subsequent experiments, fibrinogen the highest levels of shear stress (Tangelder et al., 1988) . and fibrin gave essentially the same results, and only Moreover, platelets play a key role in the acute occlusion data obtained with the former are reported here. of atherosclerotic arteries (Fuster et al., 1992a (Fuster et al., , 1992b , another event that may involve adhesion under high
The time course of single platelet adhesion, measured in the presence of PGE 1 to inhibit thrombus formashear stress (Back et al., 1977; Gibson et al., 1993) . During both normal hemostasis or pathological thromtion, demonstrated progressive accumulation onto fibrinogen as opposed to the rapid attainment of a plateau bosis, stable platelet attachment at the site of lesion is necessary to support thrombus formation.
in the number of platelets interacting with vWF ( Figure  2 ). In the latter case, adhesion never increased above Among the substrates that mediate platelet adhesion, fibrinogen and von Willebrand factor (vWF) are clearly the level reached after approximately 1 min, even when surface coverage was partial at the lower shear rates of pathophysiological relevance because of bleeding disorders known to be associated with their respective tested ( Figure 2 ). Quantitative evaluation of the number of platelets interacting with the surface after perfusion isolated deficiencies Weiss and Rogers, 1971; Tschopp et al., 1974) . Fibrinogen can support both for 5 min showed maximal platelet deposition onto fibrinogen at 50 s Ϫ1 , with progressive decrease as flow platelet-surface and platelet-platelet interactions, adhesion and aggregation, respectively (Coller, 1980; Mus- increased and essentially no adhesion at 1500 s Ϫ1 ( Figure  2) . Conversely, adhesion to vWF was minimal at 50 s Ϫ1 tard et al., 1978), by binding to the glycoprotein (GP) IIb-IIIa receptor (integrin ␣ IIb ␤ 3 ) (Nachman and Leung, and maximal at 1500 s Ϫ1 (Figure 2 ). For reference, the the monoclonal antibody LJ-CP8 (Niiya et al., 1987) abolished interaction with immobilized fibrinogen but not with vWF ( Figure 3 ). The latter process was markedly The monoclonal antibodies LJ-Ib1, against GP Ib␣ rescent dye mepacrine for platelet visualization was perfused (Handa et al., 1986) , and NMC-4, against the A1 domain through the chamber at 37ЊC. Each single-frame image shown here, corresponding to an area of 8892 m 2 , was obtained after perfusion of vWF (Fujimura et al., 1991) , had the same effects as for 5 min at two different wall shear rates, as indicated. The six top the recombinant vWF fragment; EDTA and the Arg-Glypanels show blood containing no PGE1. The six bottom panels show Asp-containing snake venom protein applaggin, both blood treated with PGE1 to inhibit platelet activation. Note that surinhibitors of ligand binding to ␣ IIb ␤ 3 (Ginsberg et al., 1986;  face-bound fibrinogen (left) and fibrin (middle), unlike vWF (right), fail Savage et al., 1990) , had the same effects as the antito support platelet attachment at 1500 s
Ϫ1
; note also the presence of body LJ-CP8. These results prove, in agreement with platelet aggregates (thrombi) on the vWF surface, but only at the higher shear rate and when platelet activation is not inhibited. These current knowledge (Savage et al., 1992) per second demonstrated that the interaction of platelets in flowing blood with immobilized fibrinogen was (Tangelder et al., 1988) . The lack of platelet interaction with immobilized fibrinogen under high shear stress was instantaneously irreversible in greater than 90% of the observed adhesion events, regardless of whether full not due to detachment of the ligand or any other irreversible changes on the surface, since decreasing the shear activation was inhibited with PGE 1 or not (Figure 4) . Thus, arrest onto the surface was not preceded by any rate to 50 s Ϫ1 after 5 min of perfusion at 1500 s Ϫ1 resulted in the predicted level of adhesion shown in Figure 2 .
appreciable deceleration below the hydrodynamic velocity expected for an unencumbered particle in the flow Functional inhibition of the platelet ␣ IIb ␤ 3 receptor with field under examination. This could be verified experimentally when flow corresponded to wall shear rates below 200 s Ϫ1 , since platelets close to the surface could be visualized and tracked; at higher flow rates, platelets were not visible before arresting. After the initial attachment was established, in less than 10% of the cases was the centroid of each individual platelet displaced by more than the corresponding diameter from the site where it first appeared in the recording, regardless of the point in time at which adhesion occurred (Figure 4) .
A comparable bimodal distribution of events, with immediate transition from no interaction to stable adhesion, has been observed for nucleated cells attaching to surfaces through antigen-antibody and immunoglobulin E (IgE)-Fc⑀ interactions (Tempelman and Hammer, 1994) . Theoretical and experimental considerations have suggested that association rate constants varying between 10 5 and 10 7 M Ϫ1 s Ϫ1 may determine whether a given bond can mediate irreversible attachment at shear rates between 30 and 100 s Ϫ1 (Tempelman and Hammer, 1994) . The binding of purified ␣ IIb ␤ 3 to immobilized fibrinogen has been reported to have an association rate constant of 3.3 Ϯ 1 ϫ 10 4 M Ϫ1 s Ϫ1 (Huber et al., 1995) , but it is not known whether the same estimate applies to the membrane-bound receptor. In fact, the interaction has been shown here to be effective in supporting immediate arrest of flowing platelets at a limit shear rate between 1000 and 1500 s
, greater than predicted from (Bell, 1978) . On the other hand, biomechanical properties of the ␣IIb␤3-fibrinogen interaction may explain why adhesion to fibrinogen cannot occur above a limit shear rate, but remain to be elucidated. Bonds may form at high shear rates, but their initial resistance to tensile stress may be insufficient to oppose shear forces and maintain platelets attached to the surface. Breaking at the weakest point may occur at the ligand-receptor interface or, for example, as a consequence of receptor extraction from the membrane (Alon et al., 1995) . Indeed, the arrest of flowing platelets may depend on events occurring rapidly after receptor occupancy, including generation of intracellular signals and cytoskeletal rearrangement with spreading (Savage et al., 1995) , possi- immobilized fibrinogen, virtually 100% of all platelets decreased ( Figure 6 ). Prolonged observation demonstrated that some platelets had become irreversibly attached and were the site of thrombus formation (see Figure 1 ). In contrast, after inhibition of activation with PGE 1 or blocking ␣ IIb ␤ 3 binding function, 100% of platelets interacting with the surface showed the same velocity of translocation after 5 min of flow at 1500 s Ϫ1 as that seen with untreated platelets after 1 min (Figure 6 ).
These results demonstrate that the adhesion of flowing platelets to immobilized vWF is a two-step dynamic process. The first, mediated by GP Ib␣, consists of low gregation (Ikeda et al., 1991) as well as adhesion and with vWF, platelets were treated with 100 g/ml monoclonal antithrombus formation on exposed subendothelium (Weiss body LJ-CP8 F(abЈ)2 to block ␣IIb␤3 receptor function. Platelet-deet al., 1993) . Under the experimental conditions tested, pleted blood was perfused over surface-bound fibrinogen or vWF at the wall shear rates indicated. Images were captured from the using blood containing a thrombin inhibitor as anticoag- consistent with the concept that, in the absence of other agonists, shear stress must be above a threshold limit to cause platelet activation dependent on the vWF-GP establishing contact with surface bound vWF exhibited Ib interaction (Ikeda et al., 1991 (Ikeda et al., , 1993 . Decreasing veinitially transient attachment even at the lowest levels locity of translocation and eventual irreversible attachof shear stress tested (Figure 4) . Thus, the interaction ment were seen only after several minutes of perfusion of platelets in flowing blood with immobilized vWF reand may depend on progressive changes in the surface sulted in continuous movement ( Figure 5 ). The characmicroenvironment related to the release of agonists from teristics of this spatial displacement varied depending platelets interacting with the surface. It is known, for on the shear rate, the time at which measurements were example, that ADP is needed to support the aggregation made relative to the initial contact and depending on of platelets exposed to shear stress in suspension whether full platelet activation, ␣IIb␤3 function, or both (Moake et al., 1988) . The attainment of sufficient local were inhibited or not. However, because of the small size concentrations of agonists may be favored by the high and uniform fluorescence of the anucleated platelets, it platelet capture efficiency of immobilized vWF and the was not possible to define whether this motion included low velocity, i.e., long transit time, of platelets on the a rotational component (rolling) or not (translation). At surface. shear rates below 340 s Ϫ1 , the movement was more clearly of the "stop-start" type, with transient arrests of up to several seconds in duration separated by surface Characteristics of Platelet Motion on vWF translocation at lower than predicted hydrodynamic veThe first step of the process of platelet adhesion to locity. This pattern of movement tended to persist unvWF, mediated by interaction with GP Ib␣, was further changed in time whether or not platelets had been evaluated after blocking activation with PGE 1 to prevent treated with PGE 1 or ␣ IIb ␤ 3 binding function had been changes due to the secondary engagement of ␣ IIb ␤ 3 (Figblocked directly. At 50 s Ϫ1 , the time needed for all plateure 6). The maximum recorded velocity of translocation lets interacting with immobilized vWF to move by a diswas 19 m/s at a wall shear rate of 6000 s
, but most tance of at least one diameter was greater than 30 s platelets moved less than 10 m/s at any shear rate (see Figure 4) . The characteristics of motion under tested (Figure 7) . In comparative terms, the velocity of higher shear stress exhibited a pattern that varied with platelets moving on immobilized vWF was approxitime. After 1 min of flow at a shear rate of 1500 s
, mately an order of magnitude lower than that reported 100% of untreated platelets interacting with the surface for leukocytes rolling on selectins at equivalent shear were displaced from their initial position by a distance rate levels (Lawrence and Springer, 1991) and at least greater than their own diameter within 6 s ( Figure 6 ). two orders of magnitude lower than that of platelets The movement was still of the stop-start type, although reported to be occasionally rolling on stimulated endoless clearly so when observed in real time. After 5 min thelium (Frenette et al., 1995) . The velocity of platelets of flow, however, approximately 10% of the platelets in interacting with the surface increased nonlinearly as a a view field were firmly attached to the surface; displacefunction of increasing flow, with a tendency to reach a ment of the remaining 90% occurred more slowly than steady level at shear rates above 1500 s Ϫ1 (Figure 7 ). The velocity of translocation relative to that calculated at the earlier perfusion time, and thus their velocity was for a theoretical unencumbered spherical particle was It is apparent that the first step in the mechanism described here must rely on a fast rate of bond formation 2% at 50 s Ϫ1 but less than 0.1% at 6000 s
, assuming a rigid sphere with the radius of an average platelet between GP Ib␣ and the vWF A1 domain, allowing an initial contact to be established even when platelets moving freely in close proximity (300 nm) to the surface (Goldman et al., 1967) . Of note, platelets moved slowly are moving at high hydrodynamic velocity. Indeed, the ability of immobilized vWF to recruit platelets onto a on vWF at shear rates that exceed the values in the normal circulation and are likely to be encountered only surface may be limited only by physical separation preventing the interaction from occurring, as suggested in stenosed arteries (Gibson et al., 1993; Strony et al., 1990; Back et al., 1977) , signifying the ability of immobiby the observation that steady-state surface coverage increases progressively with increasing flow rates belized vWF to localize platelets onto a surface even under biologically extreme conditions. fore reaching a stable level essentially corresponding to complete surface coverage (see Figure 2 ). This high capturing efficiency is likely to depend on the fact that multiple bonds can be formed rapidly and with high local density, owing to multivalence of the polymeric ligand and high membrane density of GP Ib␣ receptor molecules (Ruggeri et al., 1983) . Such features may become crucial when the strain on the bonds increases, explaining why inhibitors of the vWF-GP Ib␣ interaction are relatively less efficient at lower than higher shear (see Figure 3) . With less mechanical stress, in fact, even a small number of remaining functional receptors may promote measurable adhesion events. Once formed, it is reasonable to assume that the bonds oppose high resistance to tensile stress since interactions are observed even at shear rate values greater than 6000 s Ϫ1 , corresponding to a drag force on the average platelet (1.2 m radius) of 1108 pN, calculated according to Goldman et al. (1967) . The fact that bonds break even at the lowest shear rate levels tested (50 s Ϫ1 , corresponding to a drag force on the average platelet of 9.2 pN) presumably reflects an inherently fast dissociation rate independent of stress. Estimates of this parameter are not yet available for GP Ib␣ binding to the vWF A1 domain in the absence of exogenous modulators. A bonding mechanism with fast association and dissociation rates, with the possibility of extending before failing under stress, is thought to represent a key requirement 
Interactions Supporting Platelet Adhesion
The distribution of velocities at each indicated wall shear rate was initiating platelet thrombus formation at sites of vascular injury. Two adhesion receptors, ␣IIb␤3 and GP Ib␣, and platelet thrombus formation in response to vascular injury, like leukocyte extravasation in response to inflamtwo distinct substrates, fibrinogen and vWF, are required to provide the biomechanical properties necesmatory stimuli, may be initiated by transient surface interactions preceding stable adhesion. In the case of sary to mediate stable platelet adhesion under all conditions of shear stress encountered in the circulation. The platelets, two domains in the same ligand, vWF, mediate the initial contact and the subsequent irreversible adheintegrin ␣ IIb ␤ 3 supports immediate surface arrest of flowing platelets but can interact only with immobilized fision by interacting with two different receptors. Unique requirements of the hemostatic process, mainly the brinogen or fibrin before activation (Savage et al., 1992) and, presumably because of a relatively slow rate of need to take place in small arterioles with the highest levels of shear stress in the circulation, may explain the bond formation, a low initial resistance to tensile stress, or both, works efficiently only at the lower levels of evolution of the vWF-dependent adhesion mechanism to integrate the efficient and direct interaction of nonacshear stress. In contrast, the interaction of GP Ib␣ with immobilized vWF is inherently not sufficient to arrest tivated ␣IIb␤3 with fibrinogen or fibrin at lower shear. Our findings provide novel approaches to understanding the platelets but results in a very marked decrease in velocity, relative to hydrodynamic flow, when surface contact distinct role of seemingly redundant adhesion systems in the process of hemostasis, highlighting the possibility is established. Moreover, possibly because of a fast rate of bond formation and high resistance to tensile stress, of selective pharmacologic modulation to control the onset and progression of pathologic arterial thrombosis. this function is efficiently displayed at all levels of shear stress relevant for normal and pathological thrombus formation. Two important events take place after the under high flow conditions, thereby prolonging the time available for the occurrence of other interactions. The
Inhibitors of Platelet Adhesive Interactions
frame number. Image analysis was performed using the Metamorph software package (Universal Imaging Corporation). The first two All the murine monoclonal antibodies used in these experiments were obtained and characterized as described previously. They consecutive frames in the series were then superimposed (by using the logical AND function) so that the resultant image represented were purified using protein A (Sigma) chromatography according to published procedures (Ey et al., 1978) . LJ-Ib1 (IgG1) reacts with the only the overlapping areas of the platelet at two different times.
The new image was then superimposed to the next frame, and the amino-terminal 45 kDa domain of GP Ib␣ containing the vWF-binding site (Handa et al., 1986; Vicente et al., 1988 Vicente et al., , 1990 and inhibits process was continued until the overlapping area was equal to 0. When this occurred, a platelet had moved by a distance greater completely vWF-GP Ib interaction under all experimental conditions tested (Alevriadou et al., 1993) . LJ-CP8 (IgG1) reacts with the GP than its diameter; if this did not occur, a platelet was considered firmly attached during the period of observation. The time for individIIb-IIIa complex (␣IIb␤3) and blocks the activation-dependent binding of soluble ligands to this receptor (Niiya et al., 1987; ual platelet motion was computed, and the process was repeated until all the platelets in the field of study moved or for a preselected 1989) as well as platelet aggregation and thrombus formation under all experimental conditions tested (Weiss et al., 1989) . time interval, whichever occurred first. reacts with the A1 domain of vWF that includes the disulfide bond between residues Cys-509 and Cys-695 (Fujimura et al., 1991; Mohri Evaluation of Platelet Velocity et al., 1989) , and blocks the interaction between vWF and GP Ib
The predicted velocity of platelets in flowing blood was defined as under all the experimental conditions tested. Monovalent Fab fragthe velocity of a spherical particle, with the same diameter of a ments of the antibodies were prepared by papain digestion and platelet, traveling in a shear field parallel to a smooth surface but divalent F(abЈ) 2 fragments by pepsin digestion according to methods without interacting with it. In this calculation we assumed that the previously described (Porter, 1959; Parham et al., 1982) . After digesaverage platelet radius was 1.2 m, and we used the approximation tion, Fc fragment was removed by passage through a protein A proposed by Goldman et al. (1967) , which considers the effects of column; purified Fab and F(abЈ) 2 were concentrated by Centriprep the proximity of the wall in the platelet path. Considering that the (Amicon). A snake venom-derived disintegrin, applaggin, was used diameter of a coiled vWF molecule has been reported to be 0.3 m according to methods previously described (Savage et al., 1990) . (Fowler et al., 1985) , the distance of the center of the platelet to the The recombinant fragment containing the GP Ib␣-binding domain wall was estimated to be 1.5 m. Although blood is known to be a of vWF ) was expressed in Escherichia coli and purinon-Newtonian fluid at shear rates below 20 s
Ϫ1
, it can be considered fied to homogeneity as described previously (Sugimoto et al., 1991, Newtonian in the range of shear rates studied here (Fung, 1981) . To 1993).
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